Two observations drawn from a thoroughly validated direct numerical simulation of the canonical spatially developing, zero-pressure gradient, smooth, flat-plate boundary layer are presented here. The first is that, for bypass transition in the narrow sense defined herein, we found that the transitional-turbulent spot inception mechanism is analogous to the secondary instability of boundary-layer natural transition, namely a spanwise vortex filament becomes a Λ vortex and then, a hairpin packet. Long streak meandering does occur but usually when a streak is infected by a nearby existing transitionalturbulent spot. Streak waviness and breakdown are, therefore, not the mechanisms for the inception of transitional-turbulent spots found here. Rather, they only facilitate the growth and spreading of existing transitional-turbulent spots. The second observation is the discovery, in the inner layer of the developed turbulent boundary layer, of what we call turbulent-turbulent spots. These turbulent-turbulent spots are dense concentrations of small-scale vortices with high swirling strength originating from hairpin packets. Although structurally quite similar to the transitional-turbulent spots, these turbulent-turbulent spots are generated locally in the fully turbulent environment, and they are persistent with a systematic variation of detection threshold level. They exert indentation, segmentation, and termination on the viscous sublayer streaks, and they coincide with local concentrations of high levels of Reynolds shear stress, enstrophy, and temperature fluctuations. The sublayer streaks seem to be passive and are often simply the rims of the indentation pockets arising from the turbulent-turbulent spots.
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boundary layer | transition | turbulence | direct numerical simulation T he zero-pressure gradient, smooth, flat-plate boundary layer (ZPGSFPBL) is the simplest viscous external flow. It serves as the idealized limiting case and calibration benchmark of atmospheric and oceanic planetary boundary layers as well as aeronautical, maritime, and automotive boundary-layer flows. For over 60 y since the work by Theodorsen (1), a central theme in fundamental fluid mechanics research has been the search for the constitutive coherent structure in the turbulent ZPGSFPBL, particularly inside the near-wall/inner layer less than ∼100 viscous units away from the plate where the production and dissipation of turbulence kinetic energy reach their peaks (2) (3) (4) (5) (6) . When the nature of the inner-layer structure and dynamics is thoroughly understood, this understanding can be incorporated in turbulence theory and predictive modeling.
Decades of research have produced an apparent consensus view (7-9) that the inner layer, which consists of the buffer layer and the viscous sublayer, of a turbulent ZPGSFPBL is populated by randomly distributed quasistreamwise vortices as well as elongated high-and low-momentum streaks. Streaks are thought to actively participate in a self-sustaining bursting cycle that includes streak generation, lift up, oscillation, breakdown, and streak regeneration. Theories have been developed to explain the mechanism of near-wall turbulence regeneration (10) (11) (12) (13) . However, many of these theories rely on direct numerical simulation (DNS) data of the internal fully developed channel or Couette flow rather than the external spatially developing ZPGSFPBL. Inner-layer theories of the turbulent ZPGSFPBL exist (14, 15) but are often based on the mostly 2D and coarse-resolution visualizations using dye/smoke or hydrogen bubble techniques as well as the inferred large-scale vortex motion (16, 17) . Although the averaged geometric statistics of the streaks (spacing, width, and length scales) have been firmly established (2, 8) , existing information on the dynamical aspects of the turbulent ZPGSFPBL streaks and their interaction with innerlayer vortex structures is far from being unequivocally clear. Given the coarse resolution and indirectness of much of the evidence and the degree of inference involved (16, 17) , there is ample room to question whether the streak-centered cycle or the streak-vortexcentered mechanism is actually the most elementary turbulence regeneration process in the turbulent ZPGSFPBL or whether, perhaps, it is merely a symptom of a more fundamental underlying process.
Sustained efforts have been devoted to study properties and dynamics of transitional-turbulent spots (TRTSs) in the natural or bypass transitions of the ZPGSFPBL (18) (19) (20) (21) (22) . It was long hoped that information extracted from TRTS during the inception of boundary-layer turbulence might shed light on the inner-layer dynamics, transport processes, and turbulence regeneration of the fully turbulent ZPGSFPBL. Although certainly logical and sensible, this objective has proven to be elusive, and research on TRTS has been rather firmly confined within the domain of boundary-layer transition.
A central question in the study of bypass transition in the narrow sense concerns the inception and growth mechanisms of Significance Uncovering the constitutive coherent structure in the inner layer of the canonical turbulent boundary layer has remained a central fluid mechanics theme, because it tests our intellectual ability to understand even the simplest external flow. We describe here how turbulent spots are initiated in bypass boundary-layer transition and uncover the ubiquity of concentrations of vortices in the fully turbulent region with characteristics remarkably like transitional-turbulent spots. We present strong evidence that these concentrations of vortices are the constitutive coherent structure of the inner layer near the wall. This study contributes to the unification of understanding of phenomena occurring in boundary-layer late-stage transition with near-wall turbulent boundary-layer structure and dynamics in the developed flow.
TRTS. By bypass transition in the narrow sense, we mean the superposition on a Blasius boundary layer by a continuous freestream flow of homogeneous isotropic turbulence (HIT) at an initial turbulence intensity of 1 ∼ 4%. The flow so defined is a subclass of bypass transition in the general sense, which refers to laminar boundary-layer transition caused by finite amplitude perturbations arising from unrestricted sources, such as passing wakes, roughness, or blowing and suction (23) . The prevailing view is that bypass transition in the narrow sense develops its own primary instability in the form of long streaks. The algebraic/transient growth of the streaks leads to a secondary instability, which occurs in the form of either streak meandering (24, 25) or streak interaction with freestream eddies (26) .
By contrast, the idea put forward here is that the TRTS inception mechanism in bypass transition in the narrow sense is like the secondary instability that occurs in boundary-layer natural transition. Furthermore and importantly, we present evidence that the constitutive near-wall structure of the fully turbulent boundary layer is very similar to that of TRTS and that it can arise in much the same way.
Methods
In this work, we designed and executed a DNS of the spatially developing incompressible ZPGSFPBL from an initial laminar state through a well-controlled process of bypass transition in the narrow sense described above to the canonical fully turbulent state over a moderate Reynolds number range. Statistical characteristics of this ZPGSFPBL are presented in Figs. S1-S5 to validate that it is a faithful representation of this canonical flow case.
The DNS was performed on a mesh of 16,384 × 500 × 512 grid points. The domain size is 21,563θ 0 × 2,250θ 0 × 844θ 0 , where θ 0 is the inlet momentum thickness. The momentum thickness Reynolds number Re θ develops from 80 to 3,000, with a corresponding decay of freestream turbulence (FST) intensity from 3 to 0.8% (Fig. S2 ) and a growth of the boundary-layer thickness δ from 7.55θ 0 to 312θ 0 . Re τ = u τ δ=ν reaches 1,003 at the exit, where u τ is the friction velocity, and ν is the kinematic viscosity. Grid resolutions in wallparallel planes are 3.5 < Δx + < 5.5 and 4.5 < Δz + < 7, respectively, where the superscript + denotes normalization with viscous scales. Measured using local values of the Kolmogorov length scale η = ðν 3 =«Þ 1=4 at the station Re θ = 2,900, the streamwise grid resolution ranges over 2 < Δx=η < 3 for the inner layer and 0.5 < Δx=η < 2 in the outer region. Along the wall-normal direction, the resolution is 0.4 < Δy=η < 2 throughout the boundary layer. The inlet FST generation used the strong recycling methodology (27) . Twenty-five independent temporally decaying HIT blocks were created using DNS following the approach of ref. 28 . The velocity derivative skewness factor of the blocks is −0.47, and their longitudinal and transverse velocity correlation functions satisfy the relation from incompressible HIT theory. Ten random combination sets of 25 independent HIT blocks were created, and the resulting 250 blocks were sequentially aligned to form a narrow cuboidshaped band of 211,000θ 0 × 844θ 0 × 844θ 0 . At the inlet plane, the HIT band is aligned with the mean freestream, so that it is transported into the boundary-layer DNS domain at the mean freestream speed U f . . The lower edge of the band is located at 15θ 0 away from the plate to ensure that the inlet Blasius boundary layer is undistorted (29) . In the freestream and very close to the inlet plane, when the front boundary of an incoming HIT block meets the trailing boundary of the previous one, discontinuity will arise in streamwise correlation functions. However, there is no detectable effect of this discontinuity on the velocity profiles inside the boundary layer (for example, the skin friction coefficient evolution in Fig. S2 ). Away from the inlet plane, this discontinuity fades away. Temperature is also included in the DNS at unit molecular Prandtl number. The nondimensional temperature φ is one at the wall and zero in the upper boundary following refs. 30 and 31. At the inlet, φ is prescribed using the Blasius laminar thermal boundary-layer profile without any fluctuations. Initial conditions are u = 1, v = w = 0, and φ = 0. The time step of the DNS is Δt = 1.125θ 0 =U f . The incompressible NavierStokes equation and the continuity equation were solved using the fractional step method and the code of Pierce and Moin (32) . After reaching a statistically steady state, the full velocity and temperature fields were saved at a rate of every 112. 
Results
In this numerical study, two previously unobserved phenomena were discovered. The first is that the FST perturbs the spanwise vortex lines inside the laminar Blasius boundary layer, producing strong, localized, spanwise vortices near the inlet. The spanwise vortex lines quickly kink and are subsequently lifted and stretched downstream into Λ vortices. They then evolve into hairpin packets of vortices (infant TRTS). This mechanism is analogous to the secondary instability of boundary-layer natural transition (34, 35) . These TRTSs further evolve and mature, as they move downstream, where they infect surrounding low-speed streaks and cause them to meander and breakdown, resulting in a sudden spreading and growth of the existing TRTSs. We also discovered that, downstream in the fully turbulent region of the simulation, spatially intermittent concentrations of smallscale vortices occur in the buffer-layer region and extend down to the wall. We call such inner-layer concentrations of vortices with high values of swirling strength λ ci , the imaginary part of the complex eigenvalue of the velocity gradient tensor (9), turbulent-turbulent spots (TUTSs). TUTSs originate from hairpin packets in the turbulent boundary layer just as TRTSs do in the laminar to turbulent transition region. They are dynamically important for the generation of high levels of momentum and scalar transport. The discovery of TUTS inside the near-wall layer of the turbulent boundary layer bridges two previously segregated branches of study of the ZPGSFPBL, namely boundary-layer late-stage transition, which primarily focuses on TRTSs, and the inner-layer dynamics of the developed turbulent boundary layer, which until now, has been mostly concerned with the coupling of streaks and quasistreamwise vortices. Conditional statistics are similar in these two regions of the flow, as previously observed in ref. 36 , along with the underlying constitutive flow structure.
TRTSs. Previous studies of bypass transition, in the narrow sense considered here, emphasized long meandering streaks that occupy a large percentage of the wall-normal dimension of the perturbed laminar boundary layer (24) (25) (26) 37) . Although such streaks are present in this ZPGSFPBL during transition, it turns out, importantly, that, in our study, the long streaks occur downstream of the initiation of the dynamically significant Λ vortex structures ( Fig. 1 and Movies S1 and S2). As shown in Fig.  1 and Movies S1 and S2, long-streak meandering does occur in our DNS with bypass transition, but it usually happens when the streak is strongly perturbed by a neighboring TRTS. The subsequent streak breakdown facilitates the spreading and growth of the existing spot, but it is not dynamically important in the inception of the TRTS. In natural transition, following the primary Tollmein-Schlichting wave instability, Λ vortices in various formation patterns (staggered, aligned, or mixed) emerge because of combined tilting and stretching of distorted spanwise vortex elements (the secondary instability) (38) . Breakdown is ultimately caused by an inflectional instability, which often involves the generation of hairpin vortices (34, 35) , and/or small-scale high-frequency fluctuations because of wrinkling of the highshear layers associated with the Λ vortices (38) . Here, as shown in Fig. 1 and Movies S1 and S2, Λ vortices develop from short quasispanwise vortex filaments instead of long streaks. Thus, the TRTS inception and laminar boundary-layer breakdown mechanism in this flow is analogous to the secondary instability of boundary-layer natural transition.
There is actually some literature suggesting this connection (39, 40) between natural transition and bypass transition. Klebanoff et al. (39) wrote that Increasing the ribbon amplitude had no significant effects on the character of the wave generated except to move the point of departure and breakdown further upstream. With sufficiently large amplitude, it was possible to "bypass" the linear TS-wave range completely. This was graphically demonstrated by observing the behavior of a wave of such frequency that it should damp according to the linear theory. At low amplitudes the wave damped as expected, but at sufficiently high amplitude it did not damp and very rapidly led to breakdown of laminar flow "in much the same manner" as a wave within the amplified zone.
Their statement is remarkable and particularly relevant here, because they semiexplicitly equated the bypass transition mechanism with the secondary instability of natural transition. The statement is further interesting, because it seems to us that this was the first time that the descriptor "bypass" appeared in an archival journal within the context of boundary-layer transition.
Based on early experimental visualizations, ref. 19 conjectured that the constitutive structure of TRTSs is a large horseshoe vortex with small-scale vortices superimposed on its arc. Fig. 1,  Fig. S6 , and Movie S1 show that actually infant/young TRTSs are hairpin packets and that more matured ones are local concentrations of hairpin vortices and random vortex filaments. The structure of the turbulence within TRTS was also commented on by Gad-el-Hak et al. (20) based on their laser-induced fluorescence visualization. Although they were not able to fully view the three-dimensionality of the vortices, they did observe what they described as individual eddies in the interior of the spots. Furthermore, they noticed that the spots grow laterally in the wallparallel direction much more rapidly than in the wall-normal direction. This lateral growth they attributed to destabilization of the surrounding flow, consistent with our observation of the TRTS destabilization of the surrounding streaks.
The initiation of the TRTS in our simulation is quite different from the streak instability mechanism of bypass transition described in refs. 24-26 and 37. As discussed above, during the bypass transition of this study, the instability of streaks caused by excitation and contamination of nearby TRTS occurs after the spots have already been created, and it only contributes to the growth of the existing TRTS.
TUTSs. To clearly visualize and identify the inner-layer structures in the developed region of the flow, in Fig. 2 , only the first 120 grid planes above the wall are shown, with the flow above made invisible. This near-wall layer corresponds roughly to y < 0.15δ or y + < 120 over the range 2,500 < Re θ < 2,900. In this region, TUTSs are numerous, and they are not limited to the −4 U f =θ 0 . λ ci is the imaginary part of the complex eigenvalue of the velocity gradient tensor (9) . Grayscale represents local values of y=δ with bright white color corresponding to y=δ ≥ 1. Instances (A) t = 112,000Δt, (B) t = 112,600Δt, (C) t = 113,100Δt, and (D) t = 113,900Δt. Labels 1-5 mark five TRTSs; labels S and T mark two meandering streaks. It is evident that the infant TRTS is caused by a Λ vortex originating from a spanwise vortex filament. The meandering and breakdown of long streaks occur later when the streaks are contaminated by existing neighboring TRTSs, which in turn, provides a means for the existing spots to grow in size. particular instances and locations of Fig. 2A (Fig. S7 and Movies S3 and S4). The shapes of the TUTS can be broadly divided into two categories: oval patch-like structures and stripe packet-like structures. Some of the spots display a visible arrowhead shape during certain stages of their development. These TUTSs are in many ways similar to the TRTSs in Fig. 1, Fig. S6 , and Movie S1. Infant and young spots are hairpin vortex packets, whereas more mature spots are a mix of hairpin vortices and what appear to be random vortex filaments. Because TUTSs exist inside a more chaotic environment deep inside the turbulent boundary layer, they contain more random filaments. Nevertheless, they can be readily identified as distinct coherent structures. The TUTSs are dynamically important for near-wall turbulence production and transport processes. The spatial and temporal coordinates of TUTS coincide with concentrations of very high levels of Reynolds shear stress, temperature fluctuations, and enstrophy as seen in Fig. S8 , the space-time coordinates of which are correlated with Fig. 2 . Note in Fig. S8 
It is logical to inquire whether the observed TUTSs are transported from the upstream transitional region and thus, simply the remnants of the TRTSs. In fact, we found that these TUTSs are generated locally within the viscous sublayer and the buffer layer of the turbulent ZPGSFPBL. Fig. 3 presents snapshots of a TUTS from its infancy to maturity within the range 2,700 < Re θ < 2,800. It is seen that the infant TUTS is initiated from a weak hairpin packet wrapped around the leg elements of an existing hairpin vortex. The infant TUTS subsequently grows into a new long hairpin packet mixed with random filaments followed by additional development into a mature TUTS. This process is consistent with the hairpin vortex autoregeneration mechanism advanced in refs. 4 and 6. Many, but not all, TUTSs can be traced to their origin, like the one in Fig. 3 . Where such tracing is not possible, it is usually because of the complicated merging and splitting of matured TUTSs (Movie S4). In Movie S5, spots in the transitional and turbulent regions are compared and traced backward in time. It is seen there that the mature spots have evolved from small hairpin packets in both flow regions. Based on visualization, over the range 2,000 < Re θ < 3,000, the small individual hairpin vortices inside the TUTS have rather short lifespans, usually disappearing within a distance of 1 δ or approximately 1,000 wall units. However, the coherence of a TUTS as an entity has a much longer duration, typically on the order of 6δ, before it either fades away, splits, or merges with another TUTS. Lifetime statistics of the TUTS are not extracted in this study.
At lower visualization threshold levels of isosurfaces of λ ci , the wall-layer TUTSs are surrounded and even somewhat shrouded by other vortex structures with weaker swirling strength, but the spots themselves are discernable even in the presence of surrounding noise because of the strong inner-layer spatial intermittency. With progressively increasing levels of λ ci , the weaker vortex structures gradually fade from view, thus making the TUTSs more distinct. Movie S6 documents this process.
Viscous sublayer streaks have received much attention in turbulent boundary-layer structure research. We visualize these streaks using temperature isosurfaces, which are analogous to dye or smoke released from the plate in experiments. With the assigned temperature boundary condition, a ridge in the isosurface of φ provides a 3D view of a low-momentum streak. Fig. 2B shows the isosurface of φ = 0.95 at t = 132,300θ 0 =U f and for the spatial range 2,400 < Re θ < 2,650, where the bright white color indicates y + ≈ 4. Previous literature using 2D streamwise velocity or temperature contours seems to suggest that the viscous sublayer streaks are smoothly meandering narrow stripes. It is thus surprising to observe in Fig. 2B and Movie S3 that many of the sublayer streaks are severely indented/scarred instead of being smooth and that streaks are terminated in regions where concentrated indentations are present. It is also evident that many of the sublayer streaks themselves are actually the rims of the indentation Bright color indicates higher wall-normal distance that is always less than y + = 5. Each ridge in the temperature isosurface corresponds to a low-momentum streak. It is evident that the sublayer streaks are indented, segmented, and terminated by the TUTSs, and the sublayer streaks are often simply the edges of indentation pockets arising from the spots. The small yellow bars mark the x and z coordinates for the time history signal processing in Fig. S8 . The label TUTS marks one of the TUTSs.
pockets. Our results also show that sublayer streaks are not persistent. They are short-lived and usually cannot be traced beyond 50 viscous time units. Pockets (void of smoke) were observed earlier by Falco (5). Corino and Brodkey (3) noted that the viscous sublayer streaks are continuously disturbed by small-scale velocity fluctuations of low magnitude, and they are periodically disturbed by fluid elements that penetrated into the region from positions further removed from the wall.
Prompted by the recent study (41) , which showed that, in spatially developing pipe flow transition, the otherwise axisymmetric isosurface of the passive scalar is indented by hairpin packets, in Fig. 2A and Movie S4, we have overlaid the isosurfaces of swirling strength, λ ci , on top of the temperature isosurfaces of Fig. 2B and Movie S3, respectively. Sublayer streak termination occurs at the locations of the TUTSs, which as described above, are spatial concentrations of small-scale vortices across the buffer region with high values of λ ci . It is quite obvious from Fig. 2 and Movies S3 and S4 that the sublayer streaks appear to be rather passive, and they are strongly affected by the largescale TUTS. Note that here the vortex height can be inferred from Fig. 2 as the isosurface of λ ci is colored by local values of y=δ.
A composite high-resolution and long-duration version of the movies can be downloaded at the Stanford Center for Turbulence Research website (https://ctr.stanford.edu/research-data) together with boundary-layer statistics. Much of the turbulent ZPGSFPBL theory development over the past four decades has been based on the 2D and coarse-resolution visualizations using dye/smoke or hydrogen bubble techniques as well as the inferred large-scale vortex motion (2, 5, 16, 17) . This composite movie provides unprecedented fine details on ZPGSFPBL near-wall vortex dynamics with long temporal duration and large spatial coverage. The movie also includes detailed vortex structures at the boundary layer turbulence and freestream turbulence interface (BTFTI).
Quantification of TRTS and TUTS Properties. The turbulence in the inner region is remarkably spatially intermittent, occurring primarily in concentrated spots surrounded by very low levels of swirling strength. At y + = 50, for example, 33% of the plane has nearly zero swirling strength in the developed turbulence region of 2,100 < Re θ < 2,860 compared with 32% in the transition region of 150 < Re θ < 350 in the same y + plane. In the developed turbulence region for this y + = 50 plane, Fig. 4A shows that about 80% of the total swirling strength, λ ci , is at or above a threshold of α ∼ 2.2, but this level of swirling strength only occupies about 40% of the total plane. The threshold α is defined as λ ci = < λ ci >, where <λ ci > is the mean swirling strength in the plane. When Fig. 4A is compared with Fig. 4B for the transition region at the same y + plane, similar percentages are observed for α ∼ 1.2. It is evident that this spatial intermittency of the developed turbulence is quite similar to that of the transitional flow. Furthermore, these types of plots for other wall-parallel planes in the inner layer for both the developed turbulence and transitional regions of the flow show this same similarity.
This strong spatial intermittency of the developed flow turbulence is further shown in Fig. S9A . There, the probability density function (PDF) of λ ci for y + = 50 is compared with the PDF of λ ci for the transitional region in Fig. S9B , both plotted as functions of the threshold α defined above. In both cases, the left-most bins have the highest probability, because they contain all of the zero values of λ ci . To the right of these left-most bins, the probabilities drop dramatically and then rise to second maxima at λ ci values near the mean in both cases. Both of these PDFs have long tails, indicating the infrequent very high values of λ ci that occur within the cores of the TUTSs and TRTSs. PDFs of other inner-layer planes display the same evidence of strong spatial intermittency, indicating that the concentrated spots of turbulence in the developed flow are very much like the transition spots.
The birthrates of large new TRTSs and TUTSs are shown in Fig. 5 . These spots, with streamwise lengths greater than 50 θ 0 , are identified with the connectivity algorithm of ref. 42 , and they are traced back in time and space to their origins, as visualized in Movie S5, using the methodology of ref. 43 . The number of new spots per unit area of the inlet momentum thickness θ 2 0 are plotted for both the transitional and developed turbulence regions. As the Reynolds number increases in the transitional region, the number density of the spots grows as expected. After the turbulence reaches a developed state, the number saturates at a value of about 40 × 10 −6 , which suggests that new spots are born at a constant rate of a little over one spot per area of 160θ 0 × 160θ 0 . Movie S5 and Fig. S10 make clear that the hairpin packets from which the TUTSs evolve in the developed flow are similar to those in the transitional flow and that these TUTSs are showing the inception and development of one TUTS over the range 2,700 < Re θ < 2,800. Blue indicates y + < 25, green corresponds to 25 < y + < 50, and yellow corresponds to 50 < y + < 75. At instances (A) t = 118,100Δt, (B) t = 118,200Δt, (C) t = 119,000Δt, and (D) t = 119,300Δt. It is evident that the infant TUTS is a weak hairpin packet wrapped around the leg element of a previous generation hairpin vortex. It grows into a new long hairpin packet mixed with random filaments followed by additional development into a mature TUTS.
not remnants of transition. On the contrary, they are born in the developed turbulence region. Park et al. (36) compared statistics, including vorticity, dissipation rate, and octant classified momentum and heat fluxes, conditionally sampled from TRTSs with those from the downstream fully turbulent region of the ZPGSFPBL. They found that the compared statistics were remarkably similar in both flow regions, suggesting albeit indirectly, that there exists a strong statistical similarity between the processes involved in the inception and transport processes of boundary-layer turbulence in transition and the regeneration and transport processes of the fully turbulent ZPGSFPBL. However, until this work, it seems that there has been no direct evidence to structurally connect TRTS with the inner-layer structure and dynamics of the fully turbulent ZPGSFPBL.
Ref. 47 also studied concentration of vortices, termed as vortex clusters, in periodic turbulent channel flows. The authors found two classes: detached clusters that are small, short-lived, and roughly homogeneous and isotropic and attached ones that are rooted near the wall (below y + ∼ 20) and associated with wallnormal momentum transport. Still, the main focus of ref. 47 was vortex clusters extending far from wall, and possible connections between the dynamics of these structures in the transitional and turbulent regions were not considered.
As mentioned above, in their early manifestations, infant and young TUTSs are hairpin packets much like those described by Adrian et al. (6) and Adrian (9) . In this sense, there is a strong connection between the TUTSs and the work of Adrian et al. (6) .
They describe the "nesting" of younger, smaller packets within larger, older packets. However, their 2D experimental data did not permit them to make observations or conjectures about how these younger, smaller packets in and below the buffer layer can agglomerate into the TUTSs that we observe in our investigation or how this process is analogous to the agglomeration of hairpin A B Fig. 4 . For y + = 50 in (A) the developed turbulence region of 2,100 < Re θ < 2,860 and (B) the transitional flow region of 150 < Re θ < 350, the fraction of the total swirling strength (solid line), λ ci , was compared with the fraction of the plane (dashed line) occupied by this swirling strength for a given threshold α. The threshold α is defined as λ ci =< λ ci > , where < λ ci > is the mean swirling strength in the plane. About 80% of the total swirling strength occurs in only about 40% of the area of this plane in the inner layer at α ∼ 2.2 for the developed turbulence region and α ∼ 1.2 for the transition region. Similar percentages were found for other innerlayer wall-parallel planes. This similarity shows that the spatial intermittency of the developed turbulence is quite similar to that of the transitional flow. packets into matured TRTSs during transition. Both in transition and the fully turbulent boundary layer, these agglomerations into spots are spatially intermittent. Hairpin packet spatial intermittency was somewhat suggested in ref. 48 .
In a very recent paper, Jodai and Elsinga (49) have observed hairpin packets in the buffer layer of their experimental turbulent ZPGSFPBL using high-spatial and -temporal resolution tomographic particle image velocimetry (PIV). Furthermore, they have been able to study the local generation and evolution of new hairpin vortices connected to these packets, showing that the hairpins were not convected downstream from the transitional region. Our DNS has uncovered these near-wall hairpin packets as well and shown that they grow and agglomerate into what we are calling TUTSs that occupy the region of the flow from just above the buffer layer all of the way down to the wall and furthermore, that they are distinct and thus, spatially intermittent in this region.
The Reynolds number range covered in this study, 80 < Re θ < 3,000, is only moderate but nevertheless, larger than the set of discrete values within the range of 545 < Re θ < 2,060 used in the classical turbulent boundary-layer streak bursting experiments of Kline and coworkers (2, 16, 17) . The three aforementioned more recent PIV experiments (6, 48, 49) were performed in turbulent ZPGSFPBLs at 2,000 < Re θ < 3,000, also overlapping with our DNS Reynolds number range. Tennekes and Lumley (50) argued that, in the inertial sublayer of high Reynolds number wall-bounded flows, the Reynolds shear stress asymptotes to ρu 2 τ , and the mean velocity gradient is approximately u τ =κy. This approximation leads to a turbulence production rate of u 3 τ =κy, which is further assumed to be balanced by the viscous dissipation rate « for high Reynolds number equilibrium wall-bounded flows. In Fig. S1B , it is seen that this dissipation rate is in excellent agreement with the asymptotic argument of ref. 50 . This agreement suggests that this turbulent boundary layer under a mild FST is a statistically representative, canonical ZPGSFPBL and that it is in overall equilibrium. It also suggests that there may not be much substantial difference between a canonical turbulent ZPGSFPBL at moderate Reynolds number (2,000 < Re θ < 3,000) and that at a much higher Reynolds number, notwithstanding the expanded range of eddy scales in the latter evidenced by the appearance of a second peak in the streamwise velocity spectrum (51) . These dynamically important TUTSs described herein for the inner layer ðy + < ∼ 100Þ are structurally similar to TRTSs. The inception process of our TUTS seems to agree more with the parent-offspring autoregeneration mechanism (52, 53) than the streak-vortex self-sustaining cycle theory (10, (54) (55) (56) . Fig. 2 and Fig. S7 show that the boundary-layer viscous sublayer streaks are subjected to the indentation and disruption by the TUTS; some of the streaks are simply the rims of the TUTS. At this point, we are unable to entirely rule out the possibility that the streak-vortex self-sustaining cycle mechanism could also be a potential factor at play in this flow, coexisting with the TUTS mechanism. These observations regarding the passive nature of the streaks vs. the more dominating active role of the TUTS seem to be at odds with the observations of Kline and coworkers (2, 16, 17) , who reported that the dye/smoke was scooped up, presumably by a vortex, and then went through a violent breakup process. Our view is that the smoke lift up, oscillation, and breakup may be a by-product of the TUTS dynamics. The coarse-resolution studies of refs. 2, 16, and 17 did not permit those authors to detect the vortical structure responsible for their observations on the dye/smoke. Furthermore, we found that buffer-layer streak images, extracted using the isosurface of φ = 0.75, are very similar in terms of geometrical characteristics and connection with the TUTS to the sublayer streak images extracted using φ = 0.95 as in Fig. 2B and Fig.  S7B . Thus, both the viscous sublayer streaks and the buffer-layer streaks are passive in relation to the TUTS. The similarity between these two types of streaks was also identified in previous studies.
These TUTSs are only the lowest level in a hierarchy of structures contained in a turbulent ZPGSFPBL (4-6, 9). Other higher-level and larger-scale structures in the hierarchy (57) (58) (59) are not the focus of this paper. However, we note that the wake region ð0.5 < y=δ < 1Þ and the BTFTI region are densely populated by groves of concentrated large-scale hairpin vortices (Movie S7). The space between the neighboring groves forms the deep valleys observed frequently from previous smoke visualizations of LSMs (5, 9) in turbulent ZPGSFPBL. At this stage, it is unclear whether the inception of TUTS is aided by perturbations arising from the deep penetration of outer freestream flow into the inner layer. Nevertheless, we emphasize that one hallmark of the turbulent ZPGSFPBL is the deep penetration of freestream irrotational flow or freestream turbulence into the inner layer. This feature is absent in the periodic channel or Couette flow. This distinguishing characteristic perhaps holds the key in reconciling these observations in the ZPGSFPBL with the existing streak-vortex-centered theories developed using the channel and Couette flow, although this is purely a conjecture for now.
The experimental results of ref. 60 suggest that the log-layer large-scale motions modulate the near-wall small-scale fluctuations. Although the modulation of the small-scale inner-layer turbulence by the large outer-layer scales is not the focus of this investigation, it is nevertheless worth pointing out that the TUTSs revealed in our study extend from the wall to (at least) the lower logarithmic region, a fact consistent with the modulation observation. Notwithstanding the moderate Reynolds number achieved in our DNS, this high-resolution, long-temporal duration, and large spatial extent database provides a reliable venue to address this issue and other outstanding issues.
Finally, it is important to remark that our observations suggest that TUTSs are promising candidates to act as fundamental building blocks of wall-bounded turbulence. This identification is a significant result, because understanding the physics of this elemental flow unit will provide insight into the self-sustaining mechanism of wall turbulence.
